This work analyzes the relevant influence of milling on the CO 2 capture performance of natural limestone. Diverse types of milling mechanisms produce contrasting effects on the microstructure of the CaO formed after calcination of the milled samples, which affects crucially the kinetics of carbonation at conditions for CO 2 capture. The capture capacity of limestone samples milled using either shear or impact based mills is impaired compared to asreceived limestone. After calcination of the milled samples, the resulting CaO porosity is increased while crystallinity is enhanced, which hinders carbonation. Conversely, if the material is simultaneously subjected to intense impact and shear stresses, CaO porosity is promoted whereas CaO cristanillity is reduced, which enhances carbonation in both the reaction and solid-state diffusion controlled regimes.
Introduction
The 21 th conference on global warming (COP21) was ended with a commitment to limit the increase of the global average temperature to 2.0 ºC in 2100 [1] . Such a great challenge would be feasible by promoting the share of renewable energies, a rational use of fossil fuels and the use of carbon capture technologies to reduce the emissions of CO 2 in power plants. In this regard, the Calcium Looping (CaL) process has lastly received considerable interest as a potentially cheap, environmentally friendly and efficient CO 2 capture technology at the necessarily large scale that involves retrofitting commercial fossil fuel fired power plants [2] [3]
[4] [5] .
The CaL process for CO 2 capture, which has been already demonstrated at large pilot scale (1-2 MW th ) [6] [7] [8] [9] , is based on the reversible carbonation/calcination reaction of CaO:
CaO (s) + CO 2 (g) CaCO 3 (s) ; ∆Hr 0 = -178 kJ mol -1 (1) Thus, the flue gas stream from a combustion plant (carrying a concentration of CO 2 close to 15 vol% in the case of coal) is used to fluidize a bed of CaO particles at atmospheric pressure, where quick carbonation takes place at around 650 ºC. The carbonated particles are transferred to a second fluidized bed reactor where calcination occurs under high CO 2 concentration (above 70 vol%) at temperatures ~930-950 ºC in short residence times, which is achieved by oxy-fuel combustion to avoid CO 2 dilution [6] [10] . Calcination serves to regenerate the CaO particles and produces a concentrated CO 2 gas stream, which is extracted from the calciner, compressed and stored or employed for other uses. A schematic diagram of the process is shown in Figure 1 .
Among the different CaO-based materials to be employed in the CaL process, natural limestone (near 100% CaCO 3 ) is a preferred CaO precursor due to its low price (about 10€/ton), abundance and nontoxicity [11] [12] . However, the CaO derived from natural limestone calcination exhibits a progressive decay of its CO 2 capture capacity as the number of carbonation/calcination cycles is increased [13] [14] [15] [16] , which makes it necessary to introduce a make-up flow of fresh limestone while the spent sorbent is periodically purged from the system. A drastic reduction of the CaO surface area due to marked sintering in the calcination stage at the harsh conditions of the process is a main limiting mechanism for carbonation as widely reported in the literature [17] [18] [19] .
Many different strategies to mitigate CaO sintering have been pursued in recent works such as the use of thermally stable inert additives [4] [11] [12] and the use of pelletizing methods to maintain a porous structure [20] [21] [22] . An alternative simple and cost-effective method to produce porous Ca-based sorbents scalable to the industrial level is mechanical milling. Mechanical milling leads to a reduction of CaCO 3 crystallinity, thus favoring the kinetics of calcination, which reduces the temperature needed to achieve full calcination in short residence times [23] [24] . Nevertheless, the literature on the effect of milling on the performance of CaO-based materials for CO 2 capture is yet scarce [23] shown to enhance the multicycle CaO activity in [24] whereas the opposite effect is reported elsewhere [23] . This work is focused on getting a grip on the relevant mechanism involved on the CO 2 capture capacity of milled limestone in order to reconciliate these apparently contradictory results. To this end, several mills have been employed, which operate by applying different types of stress on the sample. As will be seen, the behavior of limestone in the CaL process previously subjected to mechanical milling depends on the type of stress acting on the sample predominant during the milling process, which affects critically the reactivity of the milled solids.
Material and methods
High-purity natural limestone from Matagallar quarry (Sevilla, Spain) (99.5% wt CaCO 3 )
was employed in the present work. The as-received limestone was supplied in powder form (particle size < 45 m) by Segura S.L. Company. Samples were mechanically milled in a very high-energy ball mill EMAX (Retsch), which achieves maximum intensity ball grinding in short times by the joint action of impact and shear stresses. 100 cm 3 steel jars and 50 steel balls per jar with a diameter of 10 mm were employed for milling. The limestone sample weight to ball ratio was set to 1:20 and the sample mass in each jar was 10 g. The limestone sample was milled at 1500 rpm for 90 s under dry air. This short milling time was selected attending to the results on the evolution of CaCO 3 crystallite size with the milling time ( Figure 2 ). As can be seen in Fig. 2 , for the EMAX mill the coherent crystal length (crystallite size) reaches a minimum value after just about 90 s milling. This milling time is much smaller as compared with the time required by the other different milling procedures employed in the present work as briefly described below. Crystallite size of the milled samples was estimated using the Scherrer equation applied to the maximum intensity (104) Bragg reflection peak.
For the sake of comparison, results obtained in a recently published work [23] , where samples were grinded in other mills, are used in the present manuscript. In that work, a centrifugal ball mill (Fritsch Pulverisette) was employed, which subjects the sample to mainly shear stresses. Besides, a SPEX 8000 ball mill was also employed, which creates high energy impact forces on the limestone particles. Further details on the milling conditions in these mills can be seen in [23] .
Particle size distributions (PSDs) were analyzed by laser granulometry, using a Mastersizer 2000 (Malvern). For this purpose, samples were previously dispersed in 2-propanol and sonicated for 30 s to loose particle agglomerates.
Measurements on the multicycle CaO conversion were performed using a Q5000IR thermogravimetric analyzer (TA instrument), equipped with a high sensitive balance (< 0.1 g ) and a furnace heated by IR halogen lamps, which allows achieving very high heating and cooling rates (up to 300 ºC/min) as well as stable isotherms. Each experiment was started by a calcination step from room temperature to 900 ºC (at 300 ºC/min, and held for 5 min) under high CO 2 concentration (70% CO 2 / 30% air vol/vol) at atmospheric pressure. The milled samples exhibited full calcination at this relatively reduced temperature (900 ºC) as compared with as-received limestone (> 930 ºC) [23] . The precalcination stage was followed by a carbonation stage quickly decreasing the temperature to 650 ºC at 300 ºC/min, which was held for 5 min under 15% CO 2 / 85% air vol/vol. As discussed in detail in previous works, achieving quick transitions between both stages is of paramount importance to mimic realistic CaL conditions for CO 2 capture necessarily involving high CO 2 concentration in the calcination stage [27] . A total of 20 carbonation/calcination cycles were run in which a fixed and small mass (10 mg) was used for avoiding undesired effects due to CO 2 diffusion resistance across the sample bulk. The scheme of the procedure is shown in Figure A1 (Appendix), where the temperature curves recorded for the program and sample are compared. As can be seen, there is a quite good match in the ramps and a high temperature accuracy at the isotherms, which complies with the specifications provided by the manufacturer (+/-1 ºC ).
In the practical application the method employed in industry to calcine under a rich CO 2 atmosphere in order to avoid CO 2 dilution is oxy-combustion. Oxy-combustion leads to the generation also of H 2 O, which gives rise to a CO 2 concentration in the calciner between 70 and 90% v/v. The thermogravimetric apparatus employed in our study does not allow for the introduction of H 2 O due to its corrosiveness, thus we chose to use 70%CO 2 /30%air atmosphere to replicate the CO 2 concentration in the calciner. Expectedly, the presence of H 2 O would accelerate the reaction as reported in previous works [28] .
In addition to TGA tests, calcination of the samples was performed in a separate tubular furnace to obtain sufficient mass for physisorption analysis. In this furnace, a 1 gram sample was subjected to calcination under CO 2 for 90 min at 900 ºC. CO 2 was displaced by N 2 at 850 ºC during cooling to avoid recarbonation. These tests served to investigate the effect of the type of milling mechanism on the porosity of the CaO generated after calcination in a high CO 2 concentration environment.
Nitrogen physisorption analysis at -196 ºC was performed using an ASAP2420
(Micromeritics) instrument. Prior to the analysis, the samples were degassed at 350 ºC for 8 h.
BET Surface area (S BET ) was calculated according to the BET equation [29] . Pore volume (V sp )
was determined from the amount of nitrogen adsorbed at a P/P 0 value of 0.99. The mesopore size distributions were determined applying the Barett-Joyner-Halenda (BJH) method to the desorption branch of the isotherms [30] , and the average pore sizes (Wp and Wp BJH ) were calculated by approximating the pore geometry to a cylinder.
In-situ thermo X-ray diffraction (TXRD) measurements during calcination under CO 2
were carried out using a D8 Advance diffractometer (Bruker), equipped with a XRX 900 high temperature chamber (Anton Paar) and a high sensitivity and fast response detector (Vantec 1, Bruker). To this end, the samples were heated from ambient temperature to 925 ºC at a rate of 10 °C/min under CO 2 . XRD scans were recorded at 25 ºC intervals in the range 2 = 20 -60°
for 295 s and using a 0.03° step. Once the target calcination temperature was reached, it was maintained for 60 min while XRD scans were continuously recorded. Instrumental contribution for structural adjustments was assessed in a wide range of diffraction angles using LaB 6 and silicon standards. The crystallite sizes of CaCO 3 and CaO during in-situ calcination were calculated by means of the Le Bail quantitative method [31] .
Scanning electron micrographs of previously gold-sputtered (2 min, 20 mA in an Emitech K550 Telstar sputter-coating) samples were acquired using a Hitachi S4800 SEM-FEG microscope.
Results and Discussion
Milling of the as-received limestone, as described in previous section, yielded an increase of particle size (seen in SEM micrographs of Figure 3 and particle size distribution data in Figure 4 ). Arguably, particles are enlarged during milling by cold welding as widely reported in the specialized literature [32] [33], which is promoted for low hardness solids such as calcite (3 on the Mohs scale). The diverse milling mechanisms acting in the EMAX, SPEX and Fritsch mills do not have a relevant effect on the particle size distribution of the milled samples.
Similar bimodal distributions just slightly shifted were obtained (Figure 4 ). High energy milling, as performed in the EMAX and SPEX mills, leads to a median particle size (D v(50) ) which is about 6 times larger the median particle size of the as-received limestone. On the other hand, the relatively lower energy centrifugal milling (Fritsch mill) produces a smaller D v(50) value, which was only around 2.5 times the as-received limestone median particle size.
Structural parameters of milled limestone samples such as surface area S BET and pore volume V sp are shown in Table 1 . As may be seen, the S BET and V sp values of limestone after being milled are almost twice and three times the corresponding values for the as-received limestone. The increment of the median particle size and the increase of surface area and porosity for the milled limestone samples can be explained by the formation of agglomerates with new cavities and inner pores accessible to nitrogen. Therefore, these results are related to the increase of the population of pores in the mesoporous range (5-50 nm) due to a modification of particle morphology, which is consistent with the reduction of the coherent crystalline domain of CaCO 3 (crystallite size ~20 nm), shown in Figure 2 . Examples of the time evolution of carbonation are illustrated in Figure 5 , which shows the time evolution of sample weight for the as-received and milled limestone samples As described in previous works [24] [37] [38] , the contribution to the overall CO 2 capture of this solid-state diffusion phase (SDP) plays a relevant role on the efficiency and energy consumption for CO 2 capture as depending on the solids residence time in the carbonator.
Thus, the enhancement of CO 2 capture in the SDP, as would be the case for example when using dolomite instead of limestone, would help decreasing the energy consumption for CO 2 avoided (SPECCA) while the capture efficiency is kept high [39] . Figure 5 shows that the EMAX milled limestone exhibits a markedly enhanced CO 2 uptake in both the FRP and SDP as compared to as-received limestone. In contrast, carbonation is hindered, especially in the SDP, for the samples milled in the SPEX and Fritsch mills.
The multicycle CaO conversion X N is the parameter used to evaluate the performances in tests, which is defined as the ratio of the CaO mass converted to CaCO 3 in the carbonation stage of the Nth-cycle to the CaO mass before carbonation: 
where N is the cycle number, k is the deactivation rate constant, X 1 is CaO conversion in the first cycle and X r is the residual conversion after a very large number of cycles. Best fitting curves are shown in Figure 6 . Best fitting parameters (k and X r ) are given in Table 2 . As seen in Figure 6 , the EMAX milled limestone shows the highest CaO conversion both in the FRP and the SDP. The enhancement of conversion is especially relevant in the SDP, which contrasts with the adverse effect caused by the Fritsch and SPEX mills as Figure 5 and 6 reveal. Such opposed effects indicate that the milling mechanism influences strongly the structural properties of the solid, which has relevant consequences on the derived CaO reactivity upon carbonation. Thus, the combination of intense shear and impact stresses acting in the EMAX mill promotes CO 2 capture whereas the individual action of either of these mechanisms alone (impact stresses in the SPEX mill and shear stresses in the Fritsch mill) yield an adverse effect on the CaO reactivity, which is particularly detrimental on carbonation in the SDP. It must be remarked that the aim of this study is just to show the relative drop of conversion in both phases as the number of cycles is increased in order to have a better understanding on how milling affects CO 2 capture in both phases. A rigorous kinetic study of carbonation is out of the scope of our work.
To better understand the underlying causes of these conflicting results, we have analyzed in detail the structure of the CaO resulting from limestone calcination under CO 2 as affected by the milling mechanism. As seen above, the CaO derived from the limestone sample previously milled in the EMAX mill presents a surface area significantly larger than the as-received limestone (Table 1 ). This result is upheld by the higher porosity observed in the SEM images ( Figure 7 ) and is also demonstrated by the pore size distributions (Figure 8 ).
The CaO porosity enhancement is consistent with the improved CaO conversion measured for the EMAX milled sample in the FRP (Figure 6b ), which is directly proportional to the CaO specific surface area as shown in previous works [16] [34] [40] [42] [43] . As seen from the SEM pictures (Figure 9 ) of the cycled samples, the cycled CaO from the EMAX milled limestone retains a greater porosity compared to the as-received limestone, which explains the noticeable sustained improvement of CaO conversion as the number of cycles is increased.
However, some researches [44] point out that the conversion increase observed for milled limestones is not sufficiently justified by the increase of surface area. In the present work, the proportionality between surface area and FRP conversion is not clearfor Fristch and SPEX milled samples as compared to raw limestone. Both milled limestones exhibit similar FRP conversions whilesurface area and porosity values for the initial calcined sorbent are different (Table 1) . On the other hand, it is know that the degree of crystallinity of the CaO formed after calcination critically affects carbonation in the SDP [24] [45] . The results of the present paper suggest that CaO crystallite size influences not only the SDP conversion but also the carbonation conversion in the subsequent FRP phase, which is reminiscent of the effect of crystallinity on a purposely introduced recarbonation stage reported in previous works [46] .
In-situ thermo X-ray diffraction analysis were performed to investigate the crystallographic transformation of CaCO 3 to CaO during calcination under CO 2 , as shown in Figure 10 for the EMAX milled limestone, where the evolution with the temperature of the main diffraction peaks of CaCO 3 and CaO can be appreciated. . Figure 11 shows the crystallite size evolution of the CaCO 3 and CaO phases for the as-received and milled limestone samples during in-situ calcination under CO 2 . Regardless of the type of milling employed, it is seen that the initial crystallite size of the CaCO 3 is reduced from ~100 nm down to ~20 nm by the mechanical pretreatment, in good agreement with data reported in Figure 2 . As the temperature is increased from ambient to the onset of calcination (around 900 ºC), the CaCO 3 crystallite size is progressively increased. The increase rate of crystallite size is higher for the milled samples compared to the as-received limestone as would be expected since ion diffusion would be notably promoted as the density of defects in the solid structure is increased by milling [47] . Aggregation and sintering phenomena are also affected by the CO 2 atmosphere, which promotes grain boundary diffusion [48] [49] [50] .As a result, CaCO 3 crystallites reach a similar size for the as-received and milled samples just before the onset of calcination ( Figure 11 ). On the other hand, the milling mechanism does have a relevant influence on the size of the nascent CaO crystallites upon calcination ( Figure 11 ). CaO conversion turns to be controlled by lattice diffusion in the SDP phase and is inversely correlated to CaO crystallite size [24] . Thus, the EMAX milled sample shows a nascent CaO crystallite size ~60 nm, which is slightly below the crystallite size of the CaO derived from the as-received limestone. In contrast, the nascent CaO crystallite size is substantially larger for the SPEX or Fritsch milled samples (above 90 nm). These results explain the effect of the type of milling on the carbonation reactivity in the SDP (Figures 5 and 6c) . Thus, the EMAX milled limestone exhibits the highest conversion in this regime since a smaller CaO crystallite size favors solid-state diffusion. Conversely, the carbonation rate in the SDP is relatively lower for the SPEX and Fritsch milled samples, which show accordingly the largest CaO crystallite size Thus, it can be inferred that both milling processes (Fritsch and SPEX) hinder lattice diffusion and limit the CO 2 capture capacity as compared to unmilled limestone. In contrast, the formation of highly reactive surface sites by EMAX milling should promote diffusion, particularly in the SDP carbonation stage, which leads to a higher CaO overall conversion.
However, SPEX and Fristch milling procedures lead to higher CaO crystallite sizes, which should favor deactivation and sintering process, speciallyfor the Fritsch milled sample whose surface area is the lowest, which is consistent with its low capture capacity. Therefore, the altogether action of intense shear and impact stresses in the EMAX mill leads to a higher CaO porosity, which enhances reactivity in the FRP, and also to a smaller CaO crystallite size, which promotes carbonation in the SDP. The individual action of any of these stresses alone (as is the case in the SPEX and Fritsch mills) is however detrimental.
Conclusions
This work explores the effect of mechanical milling on the performance of natural limestone in the CaL process for CO 2 capture necessarily involving calcination under high CO 2
concentration. TGA results demonstrate that milling has a relevant influence on the multicycle CaO conversion as depending on the type of milling mechanism. Thus, the joint action of intense shear and impact stress (EMAX mill) lead to a notable improvement on CaO conversion both in the fast reaction and solid-state diffusion controlled regimes. As shown by physisorption analysis the latter effect is due to the enhancement of porosity in the CaO derived from the EMAX milled CaCO 3 , which promotes the CaO surface area available for carbonation, whereas the former effect is explained from the decrease of CaO crystallinity, which enhances solid-state diffusion. Remarkably, the individual action of either shear or impact forces acting alone in other mills (Fritsch and SPEX mills, respectively) yields a markedly adverse effect on CaO conversion, which is especially noticeable in the solid-state diffusion controlled regime. Accordingly, the size of the nascent CaO crystallites obtained from calcination of the Fritsch and SPEX milled samples is relatively large.
Ball milling has been suggested in previous works as a potential technique to enhance the Table 2 . 
